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Objective: To assess the association of prevalent cartilage damage and cartilage loss over time with
incident bone marrow lesions (BMLs) in the same subregion of the tibiofemoral compartments as
detected on magnetic resonance imaging (MRI).
Methods: The Multicenter Osteoarthritis Study is an observational study of individuals with or at risk for
knee osteoarthritis (OA). Subjects whose baseline and 30-month follow-up MRIs were read for ﬁndings
of OA were included. MRI was performed with a 1.0 T extremity system. Tibiofemoral compartments
were divided into 10 subregions. Cartilage morphology was scored from 0 to 6 and BMLs were scored
from 0 to 3. Prevalent cartilage damage and cartilage loss over time were considered predictors of
incident BMLs. Associations were assessed using logistic regression, with adjustments for potential
confounders.
Results: Medially, incident BMLs were associated with baseline cartilage damage (adjusted odds ratio
(OR) 3.9 [95% conﬁdence interval (CI) 3.0, 5.1]), incident cartilage loss (7.3 [95% CI 5.0, 10.7]) and
progression of cartilage loss (7.6 [95% CI 5.1, 11.3]) Laterally, incident BMLs were associated with baseline
cartilage damage (4.1 [95% CI 2.6, 6.3]), incident cartilage loss (6.0 [95% CI 3.1, 11.8]), and progression of
cartilage loss (11.9 [95% CI 6.2, 23.0]).
Conclusion: Prevalent cartilage damage and cartilage loss over time are strongly associated with incident
BMLs in the same subregion, supporting the signiﬁcance of the close interrelation of the osteochondral
unit in the progression of knee OA.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The role of subchondral bone marrow edema-like lesions as
detected on magnetic resonance imaging (MRI) in the natural
history of knee osteoarthritis (OA) has been explored extensively.
The presence and behavior of bone marrow edema-like lesionsM.D. Crema, Department of
rsity School of Medicine, 820
02118, USA. Tel: 1-617-414-
ema).
s Research Society International. P(BMLs) can predict structural progression and pain incidence as
well as ﬂuctuation of symptoms in subjects with knee OA1e12.
These lesions are frequently detected in conjunction with cartilage
damage in the same region of the knee13,14 and incident BMLs or an
increase in BML size over time predict future cartilage loss3,5.
Histologically, BMLs represent areas of subchondral bone damage
and remodeling, exhibiting features of ﬁbrosis, necrosis, and
trabecular abnormalities15,16.
Factors leading to increased loading of the subchondral bone
such as knee malalignment and meniscal pathology are associated
with BMLs in the same tibiofemoral compartment of the knee1,5,17.
BMLs are also associated with concomitant increased local bone
density, suggesting that they occur in areas of bone subjected toublished by Elsevier Ltd. All rights reserved.
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bone could increase damage to the bone, especially if the stress
exceeds the bone’s strain tolerance.
Cartilage has a much lower stiffness that underlying bone and
might not reasonably be expected to protect it from direct impulse
loads. However, like the meniscus, compressive stresses applied to
cartilage are distributed across a broader area than just that
impacted cartilage, potentially lessening the impulse to a focal area
of underlying bone19. This could diminish the bone damage rep-
resented by BMLs. If cartilage is damaged, it becomes softer and its
collagen network, which helps distribute the load, becomes less
competent in serving this protective function.
Thus, OA-related cartilage loss in the tibiofemoral compart-
ments may actually remove tissue that protects the underlying
subchondral bone, thereby increasing the focal load transmitted
and damaging the bone, resulting in subjacent BMLs.
We attempted to assess speciﬁcally the association of MRI-
detected prevalent cartilage damage (assessed only at baseline)
with incident BMLs in the tibiofemoral compartments of subjects
with or at risk for knee OA. Assuming that cartilage loss over time
would also contribute to the development of BMLs for the same
biomechanical reasons, we also examined the association of carti-
lage loss over time with incident BMLs.
Materials and methods
Study design and subjects
Subjects were participants in the Multicenter Osteoarthritis
Study (MOST), a prospective epidemiological study of 3,026 people
aged 50e79 years with the goal of identifying risk factors for
incident and progressive knee OA in a population with or at high
risk for OA. They were recruited from two US communities,
Birmingham, Alabama and Iowa City, Iowa through mass mailing
of letters and study brochures, supplemented by media and
community outreach campaigns. The Health Insurance Portability
and Accountability Act-compliant study protocol was approved
by the Institutional Review Boards at the University of Iowa,
University of Alabama at Birmingham, University of California at
San Francisco and Boston University School of Medicine. We ob-
tained written informed consent from all patients.
Subjects considered at high risk for knee OA included those who
were overweight or obese, those with knee pain, aching or stiffness
on most of the last 30 days, a history of knee injury that made it
difﬁcult to walk for at least 1 week, or previous knee surgery.
Subjects were excluded if they screened positive for rheumatoid
arthritis20, had ankylosing spondylitis, psoriatic arthritis, reactive
arthritis, renal insufﬁciency that required hemo- or peritoneal
dialysis, a history of cancer (except for non-melanoma skin cancer),
had or planned to have bilateral knee replacement surgery, were
unable to walk without assistance, or were planning to move out of
the area in the next 3 years.
In the present study we included all participants with available
baseline and 30-month follow-up MRI readings. These knees were
previously selected for reading for one or more of three substudies
in MOST: (1) a cohort study of risk factors for radiographic OA
progression consisting of randomly selected knees with either
patellofemoral or tibiofemoral OA; (2) a case-control study of risk
factors for incident radiographic OA; and (3) a case-control study of
risk factors for onset of consistent frequent knee pain2.
Radiographs
At baseline, all subjects underwent weight-bearing postero-
anterior ﬁxed ﬂexion knee radiographs using the protocol byPeterfy et al., and a Plexiglas positioning frame (SynaFlexer)21.
A musculoskeletal radiologist and a rheumatologist (non-authors),
each with over 10 years experience reading study radiographs,
independently graded the X-rays according to the Kellgrene
Lawrence (KL) scale22. Radiographs were presented sequentially
with readers blinded to all clinical data and to the MRIs. Radio-
graphic tibiofemoral OAwas considered present if the KL grade was
two or greater. Disagreements on the presence of radiographic OA
were adjudicated by a panel of three readers (the initial two readers
and DTF). For knee alignment assessment, long-limb ﬁlms were
acquired with a 14-inch  51-inch cassette. Mechanical alignment
was measured as the angle formed by the intersection of the
femoral and tibial mechanical axes. The femoral mechanical axis is
the line from the center of the femoral head through the center of
the knee, and the tibial mechanical axis is drawn as a line from the
center of the ankle to the center of the knee. Neutral alignment was
deﬁned as 179e181, varus malalignment as 178 and valgus
malalignment as 182.
MRI acquisition
MRIs were obtained in both knees at baseline and at 30-month
follow-up. Images were acquired with a 1.0 T dedicated extremity
unit (ONI MSK Extreme 1.0 T, GE Healthcare, Wilmington, MA, USA)
with a circumferential extremity coil using fat-suppressed (FS) fast
spin-echo proton density-weighted (PDw) sequences in two
planes, sagittal time of repetition (TR) ¼ 4,800 ms, time to echo
(TE) ¼ 35 ms, 3 mm slice thickness, 0 mm interslice gap, 32 slices,
288  192 matrix, 2 excitations number of excitations (NEX),
140  140 mm ﬁeld of view (FOV), echo train length (ETL) ¼ 8) and
axial (TR ¼ 4,680 ms, TE ¼ 13 ms, 3 mm slice thickness, 0 mm
interslice gap, 20 slices, 288  192 matrix, 2 NEX, 140  140 mm
FOV, ETL¼ 8), and a short tau inversion-recovery (STIR) sequence in
the coronal plane (TR ¼ 6,650 ms, TE ¼ 15 ms, TI ¼ 100 ms, 3 mm
slice thickness, 0 mm interslice gap, 28 slices, 256  192 matrix, 2
NEX, 140 mm2 FOV, ETL ¼ 8). Examinations were performed at the
University of Alabama at Birmingham and at the University of Iowa
at Iowa City with the same MR unit.
MRI interpretation
MRIs were independently read by two musculoskeletal radiol-
ogists (FWRandAG),with 8 and10years experience in standardized
semiquantitative MRI assessment of knee OA. They were blinded to
radiographic OA grade and clinical data, while grading BMLs and
cartilage status according to the Whole-Organ Magnetic Resonance
Imaging Score (WORMS) system23. Scoring with the WORMS
system using a 1.0 T dedicated extremity MRI system, rather than
a 1.5 T large-bore MRI, has been shown to provide a moderate to
high degree of agreement and accuracy24. Baseline and follow-up
MRIs were presented paired and in sequence, with the chronolog-
ical order known to the readers. BMLs and cartilage status were
scored in each of the ﬁve subregions in the medial and lateral
tibiofemoral compartments, for a total of 10 subregions per knee.
BML size was scored from 0 to 3 based on the extent of regional
involvement: 0 ¼ none; 1 ¼ <25% of the subregion, 2 ¼ 25e50% of
the subregion; 3 ¼ >50% of the subregion. BMLs were deﬁned as
poorly-delineated areas of hyperintensity directly adjacent to the
subchondral plate on the STIR and PDw FS images15,25. Typical MRI
signs of traumatic bone contusions, osteonecrosis, fracture or
malignant bone inﬁltration were grounds for exclusion from the
analysis. In fact, only one knee, with a subacute tibial depression
fracture at follow-up, was excluded.
Cartilage morphology and signal were scored semi-
quantitatively from 0 to 6 in each subregion: 0 ¼ normal thickness
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STIR images; 2.0 ¼ partial-thickness focal defect <1 cm in greatest
width; 2.5 ¼ full-thickness focal defect <1 cm in greatest width;
3 ¼ multiple areas of partial-thickness defects intermixed with
areas of normal thickness, or a grade 2.0 defect wider than 1 cm
but <75% of the region; 4 ¼ diffuse (75% of the region) partial-
thickness loss; 5 ¼ multiple areas of full-thickness loss or a grade
2.5 lesion wider than 1 cm but <75% of the region; 6 ¼ diffuse
(75% of the region) full-thickness loss. In a modiﬁcation of
WORMS developed speciﬁcally for longitudinal readings, a score of
0.5 for cartilage assessment was introduced to reﬂect subtlewithin-
grade progression that did not fulﬁll the criteria of a full-grade
change. A recent work demonstrated that the within-grade
scoring of longitudinal changes in the articular cartilage is clini-
cally relevant since such scoring increases the number of
compartments and subregions showing change and is associated
with clinically relevant risk factors and outcomes26. Any change
of 0.5 in at least one of 10 tibiofemoral subregions was deﬁned as
cartilage loss.
Assessment of meniscal morphology was performed according
to WORMS, and the anterior horn, body, and posterior horn of the
medial and lateral menisci were graded separately from 0 to 4
(0 ¼ intact; 1 ¼ minor radial tear or parrot-beak tear; 2 ¼ non-
displaced tears including horizontal and vertical tears or prior
surgical repair; 3 ¼ displaced tears including displaced ﬂap tears
and bucket-handle tears, or partial resection or maceration;
4 ¼ complete maceration/destruction or complete resection).
Extrusion of the medial and lateral meniscal body was assessed
using coronal STIR images. The reference slice for extrusion
assessment in all knees is the one where the medial tibial spine has
the greatest volume27. The edge of the tibial plateaus (excluding
osteophytes) was used as the reference for measuring extrusion of
the body of bothmenisci. Medial and lateral meniscal extrusionwas
graded from 0 to 2 (0 ¼ no extrusion; 1 ¼ extrusion  50% of the
body; 2 ¼ extrusion > 50% of the body).
The weighted kappa coefﬁcients of inter-observer reliability (30
knees randomly selected and read by both readers) were 0.66 for
the readings of BMLs (comparing 0-3 scores in each subregion) and
0.78 for cartilage morphology (comparing 0e6 scores in each
subregion). The weighted kappa coefﬁcients of intra-reader
observer reliability (30 knees randomly selected) were 0.8 and
0.94 for the readings of BMLs (comparing 0e3 scores in each
subregion), and 0.88 and 0.92 for the readings of cartilage
morphology (comparing 0e6 scores in each subregion).Fig. 1. Incident BML. (A) Sagittal FS PDw MRI acquired at baseline shows cartilage thinning
subchondral bone is normal. Note also cartilage thinning in the central subregion of the late
30-month follow-up demonstrates an incident BML in the same subregion (arrowheads).Statistical analysis
Prevalent cartilage damage was deﬁned as grade 2 detected at
baseline. Subregions of knees showing cartilage loss over timewere
divided into two groups: incident (grades 0 at baseline and 2 at
follow-up) and progression (prevalent cartilage damage with the
grade increased by at least 0.5 at follow-up). Incident BMLs (Fig. 1)
were deﬁned as grade 0 at baseline and1 at follow-up. Subregions
with prevalent BMLs (grade  1 at baseline) were excluded. Prev-
alent cartilage damage was considered a predictor of incident BMLs
(outcome); subregions with no prevalent cartilage damage served
as the reference group. Cartilage loss over time measured between
baseline and 30-month follow-up was also considered a predictor
of incident BMLs (outcome) and subregions with no cartilage loss
over time served as the reference group. Our units of analysis were
the subregions of the tibiofemoral compartments so that we could
examine the relationship of cartilage pathology with BMLs.
We assessed the association of prevalent cartilage damage and
cartilage loss over time with incident BMLs in the same subregion
of both tibiofemoral compartments, using logistic regression with
generalized estimated equations to account for correlations among
the subregions within a knee (using one knee per person). A
subregion with no prevalent BMLs may share a compartment or
a knee with other tibiofemoral subregions with prevalent BMLs,
and so we performed additional analyses after excluding all knees
with any prevalent BML in any tibiofemoral compartments’
subregion, and then assessed the same associations as described
above.
Adjustment for both analyses included age, gender, body mass
index (BMI), knee malalignment, meniscal damage, and meniscal
extrusion. All statistical calculations were performed using SAS
software (Version 9.1 for Windows; SAS Institute; Cary, NC, USA).
Results
Participants’ characteristics
One thousand 350 subjects (1,351 knees, 12,225 (5,890 medial
and 6,335 lateral) subregions) were included. The mean age of
subjects was 62.2 years [(7.9 standard deviation(SD)], with
a mean (SD; range) BMI of 29.9.0 (4.8; 18.0e49.0). Further, 61.5%
of subjects were women (n ¼ 830), and 42.1% had tibiofemoral
radiographic OA (KL grade 2) at baseline (n ¼ 568). Of 21,370
subregions analyzed initially, 1,252 (5.9%) exhibited BMLs atat the posterior subregion of the lateral femoral condyle (arrowheads). The adjacent
ral femoral condyle. (B) Sagittal FS PDw MRI of the same region of the knee acquired at
Table II
Associations assessed at the medial tibiofemoral compartment
Incident BMLs (30-month) in
subregions
Adjusted ORy
(95% CIs)
Absence
(score ¼ 0)
Presence
(score  1)
Normal cartilage morphology
at baseline
4,072 (69.1%) 116 (2.0%) 1.0 (reference)
Prevalent cartilage damage 1,500 (25.5%) 202 (3.4%) 3.9 (3.0, 5.1)*
No cartilage loss between
BL and 30-month FU
5,271 (89.5%) 204 (3.5%) 1.0 (reference)
Incident cartilage loss 164 (2.8%) 56(1.0%) 7.3 (5.0, 10.7)*
Progression of cartilage loss 137 (2.3%) 58 (1%) 7.6 (5.1, 11.3)*
*Statistically signiﬁcant deﬁned as P < 0.05.
y Adjusted for age, gender, BMI, varus knee malalignment, medial meniscal
damage, and medial meniscal extrusion.
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because they were not assessable, mainly because of motion arti-
facts or ﬁeld inhomogeneity at baseline and/or follow-up, which
did not allow scoring of the features in these subregions. A total of
9,145 (42.8%) subregions were ﬁnally excluded. Considering both
compartments together, a statistically signiﬁcant difference was
found for age (P ¼ 0.01) when considering included vs excluded
subregions, but no difference was found for sex (P ¼ 0.67). No
signiﬁcant differences were found for age (P ¼ 0.06) and sex
(P ¼ 0.75) when considering subregions with vs without incident
BMLs.
Medial compartment
Incident BMLs, prevalent cartilage damage, and progression of
cartilage loss were more frequent at the central subregion of the
medial femur; incident cartilage loss was more frequent at the
posterior subregion of the medial femur (Table I). Prevalent carti-
lage damage showed a signiﬁcant associationwith incident BMLs in
the same subregion, with an odds ratio (OR) of 3.9 (95% conﬁdence
intervals (CIs) 3.0e5.1, P < 0.0001), when compared to subregions
without prevalent cartilage loss. Compared to subregions with no
cartilage loss between baseline and follow-up, both incident
cartilage loss and progression of cartilage loss demonstrated
a signiﬁcant association with incident BMLs in the same subregion,
with ORs of 7.3 (95% CIs 5.0e10.7, P < 0.0001) for incident cartilage
loss and 7.6 (95% CIs 5.1e11.3, P < 0.0001) for progression of
cartilage loss (Table II).
Lateral compartment
Incident BMLs and progression of cartilage loss were more
frequent at the central subregion of the lateral tibia; prevalent
cartilage damage and incident cartilage loss were more frequent at
the central subregion of the lateral femur (Table III). Prevalent
cartilage loss showed a signiﬁcant association with incident BMLs
in the same subregion, with an OR of 4.1 (95% CIs 2.6e6.3,
P < 0.0001), when compared to subregions without prevalent
cartilage loss. Compared to subregions with no cartilage loss
between baseline and follow-up, both incident cartilage loss and
progression of cartilage loss demonstrated a signiﬁcant association
with incident BMLs in the same subregion, with ORs of 6.0 (95% CIs
3.1e11.8, P < 0.0001) for incident cartilage loss and 11.9 (95% CIs
6.2e23.0, P < 0.0001) for progression of cartilage loss (Table IV).
Additional analyses
After 562 knees (4,344 subregions) with any prevalent BML in
any tibiofemoral subregion were excluded for the additional anal-
ysis, 7,881 (3,939 medial and 3,942 lateral) subregions remained.
No statistically signiﬁcant differences were found for age (P ¼ 0.1)
and sex (P ¼ 0.27) when considering knees with any prevalentTable I
Distribution of MRI features assessed in medial tibiofemoral compartment’s subregions
Subregions*
CF PF
Incident BMLs 92 (28.9%) 63 (19.8%)
Prevalent cartilage damage 577 (33.9%) 308 (18.1%)
Incident cartilage loss 48 (21.8%) 59 (26.8%)
Progression of cartilage loss 81 (41.5%) 31 (15.9%)
CF¼ central subregion of medial femur; PF¼ posterior subregion of medial femur; AT¼ a
subregion of medial tibia.
* Features could occur in multiple subregions in the same knee.tibiofemoral BML vs knees with no prevalent tibiofemoral BML. The
associations of prevalent cartilage damage with incident BMLs in
the same subregion for both compartments remained signiﬁcant
(Tables V and VI). The associations of incident cartilage loss and
progression of cartilage loss with incident BMLs in the same
subregion of both compartments remained signiﬁcant and stronger
than in the previous analyses (Tables V and VI).
Discussion
Previous studies have demonstrated that MRI-detected BMLs
are predictors of cartilage loss in the tibiofemoral compartments of
the knee3,5,10. In contrast, our results showed that cartilage damage
at baseline, as well as cartilage loss over time, is associated with
incident BMLs in the same subregion of the tibiofemoral
compartments. The reciprocal relationship might be explained by
the close interrelation between subchondral bone and articular
cartilage in the pathogenesis of knee OA.
BMLs are a highly variable feature in patients with or at risk for
knee OA, and their size may increase or decrease over time2,3,5,28.
Felson et al.,1 demonstrated that BMLs are powerful predictors of
radiographic progression of knee OA. Fluctuations in the size of the
lesion over time seem to have a direct effect on progression of knee
OA. Roemer et al.,3 showed that subregions within the knee having
incident and progressive BMLs demonstrate a higher risk of carti-
lage loss at follow-up. Hunter et al.,5 demonstrated that, compared
to stable BMLs, enlarging lesions are strongly associated with
cartilage loss at follow-up. Other recent studies have also demon-
strated the predictive effect of BMLs on cartilage loss11,12, and such
lesions were also shown to predict a worse outcome in subjects
with OA at baseline, increasing the risk of total knee arthroplasty
compared with subjects without lesions12. However, both
studies11,12 used inappropriate MRI techniques to assess BMLs29,30,
making the interpretation of their results unclear.
It has been hypothesized that cartilage loss is secondary to
BMLs, as the integrity of the cartilage may be dependent on theTotal
AT CT PT
48 (15.1%) 83 (26.1%) 32 (10.1%) 318
141 (8.3%) 469 (27.5 %) 207 (12.2%) 1,702
31 (14.1%) 41 (18.6%) 41 (18.6%) 220
11 (5.6%) 52 (26.7%) 20 (10.3%) 195
nterior subregion of medial tibia; CT¼ central subregion of medial tibia; PT posterior
Table III
Distribution of MRI features assessed in lateral tibiofemoral compartment’s subregions
Subregions* Total
CF PF AT CT PT
Incident BMLs 22 (18.2%) 31 (25.6%) 14 (11.6%) 35 (28.9%) 19 (15.7%) 121
Prevalent cartilage damage 383 (35.5%) 111 (10.3%) 45 (4.2%) 273 (25.3 %) 268 (24.8%) 1,080
Incident cartilage loss 43 (32.1%) 23 (17.2%) 8 (6.0%) 34 (25.4%) 26 (19.4%) 134
Progression of cartilage loss 30 (27.3%) 19 (17.3%) 2 (1.8%) 36 (32.7%) 23 (20.9%) 110
CF ¼ central subregion of lateral femur; PF ¼ posterior subregion of lateral femur; AT ¼ anterior subregion of lateral tibia; CT ¼ central subregion of lateral tibia; PT posterior
subregion of lateral tibia.
* Features could occur in multiple subregions in the same knee.
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Because of the stiffness and higher local mineral density of areas of
subchondral bone with BMLs, the bone may be incapable of dissi-
pating the forces on the joint during loading, thereby transmitting
more load onto overlying cartilage, and causing the cartilage to
breakdown31. Previous experimental studies (animal models) with
histological assessment of the subchondral bone and the articular
cartilage also support that damage to the subchondral bone may
lead to adjacent cartilage damage32e35.
On the other hand, our results showed that preserved hyaline
cartilage lowers the risk of developing BMLs. We suggest that this
may relate to the ability of intact cartilage to distribute compressive
loads so that the maximal stress from these loads is diminished.
When cartilage’s collagen network is damaged, its effectiveness in
serving this function should decline. In fact, previous studies have
shown that factors that lead to increased loading on the tibiofe-
moral compartments, such as knee malalignment and meniscal
pathology, are related to BMLs1,5,18. We controlled for these factors
in our analysis, so that we could focus on cartilage integrity as
a protective risk factor.
Mechanical limb alignment is thought to directly affect location,
prevalence, and change in BMLs, as medial knee lesions occur
mainly in individuals with varus-aligned limbs, and lateral lesions
occur mostly in those with valgus-aligned limbs1,5. One could argue
that the increased load on the tibiofemoral compartments due to
malalignment could be directly responsible for adjacent cartilage
loss, and BMLs would play a secondary role, as such lesions are
highly associated with knee malalignment. This is supported by
previous work from Felson et al., in which the predictive effect of
BMLs on cartilage loss was evident only when there was no
adjustment for knee malalignment: making the adjustment greatly
diluted the effect1.
Pathology involving themenisci, which are responsible for load-
bearing and shock absorption in the tibiofemoral compart-
ments36,37, has been shown to be related to concomitant BMLs.Table IV
Associations assessed at the lateral tibiofemoral compartment
Incident BMLs (30-month)
in subregions
Adjusted ORy
(95% CIs)
Absence
(score ¼ 0)
Presence
(score  1)
Normal cartilage morphology
at baseline
5,199 (82.1%) 56 (0.9%) 1.0 (reference)
Prevalent cartilage damage 1,015 (16.0%) 65 (1.0%) 4.1 (2.6, 6.3)*
No cartilage loss between
BL and 30-month FU
6,011 (94.9%) 80 (1.3%) 1.0 (reference)
Incident cartilage loss 118 (1.9%) 16(0.3%) 6.0 (3.1, 11.8)*
Progression of cartilage
loss between
85 (1.3%) 25 (0.4%) 11.9 (6.2, 23.0)*
*Statistically signiﬁcant deﬁned as P < 0.05.
y Adjusted for age, gender, BMI, valgus knee malalignment, lateral meniscal
damage, and lateral meniscal extrusion.Meniscal pathology is highly associated with and predicts lesions in
the same tibiofemoral compartments18,38. Thus, loss of meniscal
function may increase loading to the underlying subchondral bone,
leading to BMLs.
In the present study, we hypothesized that subregions in the
tibiofemoral compartments with cartilage damage might develop
BMLs longitudinally, as the diminished integrity of the cartilage
could alter its biomechanical properties and thus its response to
loading, which in turn could increase loading on the adjacent
subchondral bone. The results from our study support such
a hypothesis, with the association of both cartilage damage and
cartilage loss over time with incident BMLs demonstrated in both
tibiofemoral compartments. In contrast to the previously demon-
strated effect of BMLs on cartilage loss, which may be inﬂuenced by
knee malalignment, the association of cartilage damage and carti-
lage loss over time with incident BMLs in the tibiofemoral
compartments is independent of knee malalignment, as well as of
other factors that can increase loading to the tibiofemoral sub-
chondral bone, such as meniscal tears and meniscal extrusion. One
previous study demonstrated that cartilage defects predicted an
increase in BMLs over time in the tibiofemoral compartments39.
In the subregional approach used initially for testing the asso-
ciations, one could argue that excluding only subregions with
prevalent BMLs may have introduced bias, since other subregions
in the same compartment or in the contralateral compartment
could have prevalent BMLs. It is not known if the risk of incident
BMLs is higher in subregions of knees with baseline BMLs in other
tibiofemoral subregions. For that reason, we performed additional
analyses after excluding all knees with any prevalent BML in any
tibiofemoral subregion, and we found that the associations with
incident BMLs remained signiﬁcant for prevalent cartilage damage,
and were signiﬁcant and even stronger for incident cartilage loss
and progression of cartilage loss.
In the present study, we only considered MRI-detected edema-
like BMLs since only such pattern of subchondral BMLs demon-
strated strong evidence to be clinically relevant regardingTable V
Associations assessed at the medial tibiofemoral compartment after excluding all
knees with any prevalent tibiofemoral BML
Incident BMLs (30-month)
in subregions
Adjusted ORy
(95% CIs)
Absence
(score ¼ 0)
Presence
(score  1)
Normal cartilage morphology
at baseline
3,050 (77.4%) 76 (1.9%) 1.0 (reference)
Prevalent cartilage damage 746 (19.0%) 67 (1.7%) 2.6 (1.8, 3.9)*
No cartilage loss between
BL and 30-month FU
3,613 (91.7%) 78 (2.0%) 1.0 (reference)
Incident cartilage loss 110 (2.8%) 39 (1.0%) 12.5 (7.7, 20.1)*
Progression of cartilage loss 73 (1.9%) 26 (0.6%) 11.5 (6.1, 21.4)*
* Statistically signiﬁcant deﬁned as P < 0.05.
y Adjusted for age, gender, BMI, varus knee malalignment, medial meniscal
damage, and medial meniscal extrusion.
Table VI
Associations assessed at the lateral tibiofemoral compartment after excluding all
knees with any prevalent tibiofemoral BML
Incident BMLs (30-month)
in subregions
Adjusted ORy
(95% CIs)
Absence
(score ¼ 0)
Presence
(score  1)
Normal cartilage morphology
at baseline
3,391 (86.0%) 35 (0.9%) 1.0 (reference)
Prevalent cartilage damage 488 (12.4%) 28 (0.7%) 4.4 (2.3, 8.3)*
No cartilage loss between
BL and 30-month FU
3,769 (95.6%) 38 (1.0%) 1.0 (reference)
Incident cartilage loss 68 (1.7%) 11 (0.3%) 12.8 (5.7, 28.8)*
Progression of cartilage
loss between
42 (1.1%) 14 (0.3%) 22.3 (9.2, 54.1)*
*Statistically signiﬁcant deﬁned as P < 0.05.
y Adjusted for age, gender, BMI, valgus knee malalignment, lateral meniscal
damage, and lateral meniscal extrusion.
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presence of other MRI features1e12. Other possible patterns of
degenerative changes in the subchondral bone detected on MRI
such as sclerosis and cysts did not demonstrate to be clinically
relevant independently of other features40,41.
There are some limitations to this study. First, the MRIs were
presented sequentially, and readers were aware of the chronolog-
ical order of images. This could, perhaps, bias the readers to expect
more change. On the other hand, it has been found that when
readers are blinded to chronological order, sensitivity to clinically
relevant changes actually decreases, compared to unblinded
assessment42e44. Further, previous analysis in this study sample
showed comparable weighted kappa coefﬁcients when assessing
a subset of randomly selected knees blinded to time point4. Second
and unfortunately, MRI does not allow for separate assessment of
two adjacent structures such as subchondral bone and articular
cartilage, as both are visualized within the same image and speciﬁc
features (such as cartilage damage and BMLs) cannot be separately
blinded. Third, one could argue that the image quality of 1.0 TMRI is
inferior to 1.5 T systems. However, WORMS scoring using a 1.0 T
dedicated extremityMRI is possible with amoderate to high degree
of agreement and accuracy compared with WORMS assessment of
1.5 T large-boreMRI24. Fourth, even thoughwe could prove a strong
association of cartilage damage and cartilage loss over time with
incident BMLs, we cannot be sure about the chronological order of
these structural changes (e.g., cartilage loss precedes BMLs) as we
assessed only two distinct time points. This is true especially for
BMLs, which vary widely over time2,3,5,28. Only repeated exami-
nations with at least three points of observation at shorter intervals
could demonstrate the chronological order of these features.
Finally, there are radiological differential diagnoses for degenera-
tive BMLs, the most common being traumatic bone contusions45,46.
We carefully excluded knees with an unequivocal radiologic
differential diagnosis prior to analysis.
In summary, we demonstrated that prevalent cartilage damage
and cartilage loss over time are strongly associated with incident
BMLs in the same subregion of the tibiofemoral compartments. We
adjusted our results for knownmechanical factors that can increase
loading to the tibiofemoral compartments such as knee malalign-
ment, meniscal damage, and meniscal extrusion, which suggests
that cartilage damage and cartilage loss may be independent
predictors of incident BMLs. In light of previous work, our ﬁndings
support the concept of the “osteochondral unit” and the close
interrelation of cartilage and subchondral bone. Once damage to
the articular cartilage surface or the subchondral bone is apparent
the risk of structural deterioration in the adjacent tissue seems to
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